An experimental study has been carried out to determine how inlet total-pressure distortion affects the performance of a micro gas turbine. An inlet simulator is designed and developed to produce and measure distortion patterns at the inlet to the gas turbine. An Air Jet Distortion Generator is used to produce nonuniform flow patterns and total pressure probes are installed to measure steady-state total-pressure distribution at the inlet. A set of wind tunnel tests have been performed to confirm the fidelity of distortion generator and measuring devices. Tests are carried out with the gas turbine exposed to inlet flow with 60-degree, 120-degree, and 180-degree 
Introduction
Unfavorable effects of non-uniform inlet flow on engine operation have always been encountered in design and development of gas turbine engines. Distorted flow at the inlet can degrade engine performance and reduce engine safe operation range. Inlet flow distortion declines engine performance criteria like engine thrust force and specific fuel consumption (SFC), and in critical cases may even lead to surge phenomena or engine flameout.
Inlet flow distortion may be categorized into four major forms namely: inlet totalpressure distortion, total-temperature distortion, swirl distortion and planer waves. One form of inlet flow distortion or even a combination of different forms may exist at the inlet of a gas turbine engine [1] . The effect of inlet total-pressure distortion on engine operation have been studied earlier in the development of gas turbines and evaluated more than other distortion types.
Inlet total-pressure distortion is defined as the spatial distribution of the total pressure at the inlet of an engine. So that there is one or more distorted zones in the inlet cross section with a total pressure lower than the average. Similar definition can be made for inlet total-temperature distortion in which distorted zones experience higher total temperature. Swirl distortion or flow angularity is defined as the swirling flow at the inlet.
These non-uniformities mainly arise from flow field inside the intake system. Engine intake has the role to catch the air from outside flow and deliver it to engine at the required conditions. The nature of the flow inside the intake system and complex aerodynamic interaction between engine and intake system is the major source of the distorted flow at engine inlet.
For years the society of automotive engineers (SAE) S-16 committee has been providing standards which address methodologies for testing and analyzing inlet distortion effects on a gas turbine engine [2] [3] [4] . To easily deal with it, adequate parameters should be defined to quantify the inlet flow non-uniformities. Two parameters are defined and widely used to quantify inlet total-pressure distortion. Distortion size is the circumferential size of the distorted zone at the inlet cross section in degrees (θ) and distortion Intensity is defined as the pressure difference between clean and distorted sections divided by the average dynamic pressure of the flow inside the inlet duct (Eq. (1)).
Where P 0C and P 0d are average total pressure of the clean and distorted zones respectively. With this definition, DC(60) = 0.5 means existence of one 60-degree distorted zone with intensity of 0.5 at the inlet cross section.
To evaluate the distribution of the total pressure, local distortion intensity is defined by Eq. (2) for each point in the inlet cross section:
Nominal pressure (P 0n ) in Eq. 2 is the pressure that would uniformly exist at the inlet cross section if no distortion was present. Many experimental [5] [6] [7] [8] and numerical [9] [10] [11] [12] [13] works have been carried out to study effect of inlet flow distortion on a compressor performance and stability. The extent to which inlet distortion degrades a compressor's performance, largely depends on the under test compressor's specific characteristics [14] . Reference [2] contains two distinct examples of compressor rig tests including inlet flow distortion which shows quite different results in efficiency losses, from less than 1% in one case to 1-5 % in another. Most of studies considered effects of inlet flow distortion on a single compressor component rather than a whole gas turbine engine. However it seems to be of great interest to know how the inlet flow distortion affects a whole engine's performance and operability. Deterioration in compression component efficiency leads to losses in overall performance of a gas turbine engine in terms of its thrust force and specific fuel consumption. Kurzke [14] used parallel compressor model together with an engine performance program to numerically simulate inlet distortion effects on a gas turbine engine performance. It states that thermodynamic cycle change due to inlet distortion is generally small and performance loss of a gas turbine engine is mostly because of inadequate reactions of the engine control system. Figure 7 in this reference includes results from numerical simulations that show an engine thrust deficit of about 1% and SFC increase of about 2% due to inlet total-pressure distortion with intensities between 0 -2.8 in the absence of control system reactions [14] . Lee et al. [15] represented an experimental study investigating the effect of inlet totalpressure and swirl distortion on a gas turbine engine in an altitude test facility. Screentype and blockage-type devices are used to simulate total-pressure distortion at engine inlet. Results shows that changing total-pressure distortion intensity from 0.2 to 0.6 can cause the engine thrust force to decrease as large as 10% and engine SFC to increase about 5% in some engine RPMs. Nowadays small gas turbines have found their place in various industrial and research applications. Their small size and ease of use made them very suitable to be used as research facilities in universities. New studies can be done on these small, cheap and easy to use devices instead of large, expensive and sensitive gas turbines, considering that their components and principles are essentially the same as those of large ones. This paper represents an experimental study to investigate the effect of steady-state inlet total-pressure distortion on performance of a micro gas turbine. Using an existing micro gas turbine test cell, Direct-Connect test method (to be defined in following section) is used. An inlet simulator is designed and developed to produce and measure distortion patterns at the engine inlet. Total-pressure distortion is produced using an array of forward facing air jets mounted inside an inlet duct, ahead of the engine face. Engine performance in terms of its thrust force and SFC, together with compression component efficiency has been measured for engine operating under inlet flow distortion and compared with those of clean inlet flow.
Engine Test
Engine tests play a major role in design and development of a gas turbine engine and provide the necessary information needed for evaluation of the engine performance and lifetime in the design process.
Engine tests can be categorized into three groups: performance, operability and durability tests. In the performance tests engine performance parameters are measured and their behavior at different working conditions are evaluated. While operability tests focus on the evaluating engine safe operation range and stability margins. Durability tests deal with the structural integrity of the system components and issues including high and low cycle fatigues [16] .
Engine tests might be performed in either a wind tunnel or turbine engine test cell regarding to the test type and procedure. A turbine engine test cell usually includes a thrust stand on which the engine is mounted and a series of instruments to measure the necessary parameters during the test. An air supply duct also is often used in front of the engine. A number of test techniques might be used to simulate the real operating conditions during the tests.
Direct-connect test method is the most commonly used turbine engine test technique due to adequate test opportunities and generally lower cost. It is named after the direct connection between the turbine engine and the air supply duct. Reference [17] [18] contains a well-made description of direct-connect test method.
In the absence of the intake system, particular techniques should be used to artificially reproduce the real flow condition at the inlet to the engine. An Inlet Simulator has the role to produce non-uniform flow patterns which simulates the distortions associated with the intake system. The unit should be capable of producing predetermined distortion patterns at the engine inlet. These patterns are usually obtained from evaluating the particular intake system that is to be used, in either a wind tunnel test or with CFD analyses.
Techniques for producing inlet total-pressure distortion are divided into two general groups [17] :
 Techniques that use aerodynamic blockage of the flow to make total pressure drop at some particular areas.  Techniques that use momentum exchange with secondary air jets to either add or reduce total pressure at some particular areas The first idea is present in one of the most basic techniques which uses distortion screens at the upstream of the engine. When incoming flow passes through the screens, aerodynamic blockage causes low pressure wakes to be formed at the rear of the screen. These wakes are stronger in areas with more condensed mesh, so total pressure has a spatial distribution at the rear of the screen. Screens with different mesh structures produce different inlet distortion patterns. An example of the distortion screens with different mesh structure and the associated Direct-Connect test setup is seen in the The great simplicity of the distortion screen method has made it very attractive for engine tests with steady-state inlet flow distortion. It does not contain any moving part and can be easily mounted in the direct-connect test setup upstream of the engine. But the screen method establishes two major disadvantages. First, each distortion screen corresponds to a unique distortion pattern, while performing engine performance and operability tests require a large number of distortion screens with different mesh structures. Design and fabrication of each individual screen may take excessive amount of time and charge a large cost to engine developer. The second major difficulty of using distortion screens is changing distortion patterns during the test. To conduct this, test should be interrupted and the engine shut down, test setup should be disassembled, new screen is to be installed and then test can continue. It is obvious that such a test procedure is very time consuming and imposes very high expenses to accomplish the necessary tests. More advanced techniques usually utilize some variable geometries that can produce different distortion patterns using flexible configurations. A description on some of these techniques and their relevant test setups can be found in [17] [18] .
The second basic idea uses secondary air jets to produce a non-uniform flow inside the inlet duct. Such devices are usually called Air Jet Distortion Generator (AJDG). Each forward-facing air jet mounted inside the inlet duct produces a local pressure drop due to momentum exchange with the incoming flow. By injecting an array of such air jets, the AJDG will be able to produce different distortion patterns by establishing different arrangements of air jets. So different distortion patterns could be produced without interrupting the test and the patterns can be adjusted remotely. Figure 2 shows a schematic view of the AJDG and inlet simulator duct. Two reports on the development of AJDG can be found in literature. One is developed by Arnold Engineering Development Center and reported in references [19, 20] . It used 24 struts to hold 56 air jets inside the inlet duct. Struts are distributed inside the inlet cross section in every 15 degrees and two or three air jets are mounted on each strut. Air jets are connected to a pressurized air supply system through 56 individually controlled valves. 48 total pressure probes were mounted on eight rakes to measure the total pressure distribution at the engine face. A control system has been used to compare the delivered distortion pattern with the desired one and adjust the AJDG configuration to reach the desired pattern [19] [20] .
Another AJDG test setup was developed by NASA [16] using 54 air jets. Six valves were used to control groups of nine air jets. Each group covered a 60-degree zone at the inlet cross section. The system also was used to produce time-variant inlet distortions by use of high-response servo-valves [16] .
Experimental Setup

Micro Gas Turbine Test Cell
Engine performance tests were carried out in the micro gas turbine test facility at Amirkabir University of Technology (Tehran Polytechnic). The test cell includes an Olympus HP micro gas turbine and a series of instruments to accurately measure its performance criteria. Figure 3 shows the micro gas turbine test cell outlook.
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Figure 3: outlook of the micro gas turbine test facility at Tehran Polytechnic
A thrust stand using a SCAIME AQ load cell with an accuracy of 0.017% of the full scale range is used to measure engine thrust force. Total combined error of thrust measurements is not more than 1% of the measured value.
Pressure and temperature sensors are mounted inside the engine, to measure compressor's pressure ratio and its efficiency. Compressor outlet pressure is measured using a Kistler 4007BA high temperature pressure sensor with an accuracy of 0.1% of the full scale range. For temperature measurements, a well calibrated RTD sensor with an accuracy of 0.5 °C in the operating temperature range was used.
A digital scale connected to a computer is used for instantaneous measurement of the fuel reservoir weight. A computer software has been employed to calculate engine SFC at every instant. The accuracy of the SFC measurements is 1% of measured values.
All sensors are connected to computer via ADVANTECH PCI-1713 A/D card. Measuring instruments were calibrated before each test to ensure validity of the measurements. Figure 4 shows the results of the engine performance test which was carried out without considering inlet distortions. The inlet simulator was not installed in front of the engine and the tests were performed at atmospheric conditions of T a =18 ˚C and P a =1.019 bar. The variation of engine thrust force and compressor outlet pressure against engine RPM are presented in this picture.
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Figure 4: Engine performance test results without inlet distortion
Inlet Simulator
Direct-connect test technique has been used for tests with inlet flow distortion. The developed inlet simulator consists of a directly-connected air supply duct, a distortion generator unit ahead of the engine face and a matrix of total pressure probes at the end of the duct, close to engine entry. Figure 5 shows a schematic view of the engine and the inlet simulator. Secondary air jets are used to produce non-uniform flow inside the inlet duct; so called an Air Jet Distortion Generator (AJDG). It includes an array of forward facing air jets, each producing a local pressure drop due to momentum exchange with the incoming flow. Thirty air jets are mounted on six rakes. When each rake with all five mounted air jets turns ON, it produces pressure drop in a zone of 30-degree circumferential area. Each pair of rakes is connected to one control valve, so the system is able to produce distorted sections of 60-degree, 120-degree and 180-degree. Radial distortion can also be produced by turning ON air jets on the same radius.
A Bellofram T-10 highly accurate pressure regulator is used to set the upstream pressure of the air jets. Higher upstream pressure causes higher air jet speed and consequently more pressure drop in the distorted zone and higher distortion intensity.
Twelve pitot-tube probes are employed to measure total pressure distribution at the inlet cross section. Probes are mounted on six struts holding them on two rings in a way that each probe samples an equal area portion of the inlet duct cross section. Figure 6 shows AJDG and measuring probe's locations inside the inlet simulator duct.
Small size of the engine inlet requires very small pressure probes that have the minimum intrusion on the flow field. Such small total pressure probes with only a few millimeters of diameter have been fabricated in the laboratory and installed inside the inlet duct. Wind tunnel tests have been carried out to calibrate the measuring devices and check the fidelity of the pressure probes. Each probe have been evaluated individually in the wind tunnel and certified only if a high fidelity is shown. Figure 7 shows the AUT micro gas turbine test cell and the experimental apparatus used in this study. The inlet simulator installed in front of the engine, engine thrust stand and the AJDG controlling valves are seen in the picture. The operation of the distortion generator unit was also evaluated in the wind tunnel tests by producing different distortion patterns inside the inlet duct. The size and intensity of the distorted zone is easily under control by means of controlling valves and pressure regulator. Figure 8 shows circumferential distortion patterns produced inside the inlet duct during wind tunnel tests. Pictures are contour plots of the local distortion intensity inside the inlet duct which are measured by the pressure probes. Local distortion intensity is defined by Eq. (2) for each point where a probe is located. In other points it is calculated with a linear interpolation. Total pressure of flow upstream the wind tunnel test section is used as the nominal pressure (P 0n ) in Eq. (2). The flow velocity in wind tunnel was 35 m/s which is very similar to the velocity that occurs at the inlet of the gas turbine engine used in this work. Figure 8a shows the total pressure distribution at the clean inlet flow case. The maximum measured value for the local distortion intensity at clean flow is 0.05. It indicates the adequate uniformity of the flow at the clean inlet case. Figure 8b shows a 60-degree distortion pattern. The local distortion intensity which is measured by the pressure probes in the distorted zone is 0.65. It is seen that even in the clean section total pressure is somewhat dropped from the nominal pressure. Figure 8b , 8c and 8d illustrates 60-degree, 120-degree and 180-degree circumferential distortion patterns respectively. Wind tunnel test results show the ability of the system to produce distortion patterns with different size and intensities. Tests repeated several times and repeatable patterns were observed.
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Figure 8: Distortion patterns inside the inlet simulator, measured during wind tunnel tests
Results and Discussion
Tests have been carried out with engine exposed to circumferential distortion at sectors of 60, 120 and 180 degree. In each case, distribution of total pressure was measured at the engine inlet and distortion intensity was obtained by using Eq. (1). All tests are conducted at a constant engine RPM of 40000. Each test was repeated two times to ensure the accuracy of results. Table 1 shows engine performance test results with clean air flow. There is a slight difference between the results in table 1 for clean inlet flow and results shown in Fig. 1 for 40000 RPM. It is the effect of installation of the new inlet duct in front of the engine (without distortion producing) on engine performance.
Pressure distribution was measured for clean inlet flow to check the flow uniformity. The maximum value for local distortion intensity was about 0.05 which is a low value and indicates adequate uniformity of flow at clean inlet case. Figure 9a shows the total pressure distribution at the clean inlet flow. Performance tests are accomplished for distortion intensities between 0.3 and 0.7. Figure 9 shows the distortion patterns produced at the engine inlet during engine performance tests. All pictures are contour plots of local distortion intensity. The air supply duct is directly fed from the atmosphere so the atmospheric pressure is used as the nominal pressure (P 0n ) in the Eq. (2).
The variation of engine thrust force with distortion parameters is depicted in Fig. 10 . It's seen that engine thrust force decreases with increase in both distortion size and intensity. Increasing distortion size from 120 degree to 180 degree causes an approximately constant increase in thrust deficit of about 1.5%. A similar trend can be seen for changing distortion size from 60 degree to 120 degree.
With 60-degree distorted section, engine performance did not get affected, in the order of measurements accuracy, for distortion intensities less than DC(60)=0.5. Further increase in distortion intensity results in 1.5% reduction in thrust force for DC(60)=0.58 and 2.5% for DC(60)=0.68.
Engine thrust force decreases between 1% -5% for DC(120) varying between 0.3 and 0.7. Variation of DC(180) between 0.3 and 0.64 results in a thrust deficit between 2.5 -5.5 %.
Journal of Engineering for Gas Turbines and Power Figure 11 shows similar trend for specific fuel consumption against distortion size and intensity. As it is seen, SFC increases about 7.5% in the most crucial case which is DC(180)=0.64. The results show a notable deficit in engine performance due to inlet flow distortion. As shown in the pictures, at the most crucial case, the engine faces a thrust deficit of about 5.5% and SFC increase of about 7.5%.
According to Ref. 2 and 14, the loss in engine performance primarily arises from losses in compression component efficiency and air flow capacity [2, 14] . Engine flow rate is not measured in this work and only the behavior of the compression component efficiency is studied. Pressure and temperature sensors at the outlet of the compressor is used to measure the variation of the engine compressor`s isentropic efficiency, as described in the previous section.
Due to the sufficient space in compressor, momentum transfer between clean and distorted sections occurs efficiently and it is a reasonable assumption to consider a uniform pressure at the compressor exit [2, 14] . Therefore it is possible to use only one pressure sensor to measure the exit pressure, as per this experiment.
However, total temperature at the compressor outlet may vary for the clean and distorted sections [2, 14] . Different pressure ratios for distorted and clean sections may convert the low pressure zone at the compressor inlet into a high temperature zone at the outlet. Therefore a total-temperature distortion may exist at the inlet to the burner [14] .
In this study a temperature distribution at the compressor outlet is not measured and only one temperature sensor is used at the outlet, due to the lack of space. But because the area between compressor exit and the burner is very small for the current gas turbine (which means rapid heat transfer and thermal equilibrium), and pressure ratio for clean and distorted sections does not differ widely, outlet temperature would not have a significant non-uniformity between clean and distorted sections. Thus the measured temperature at the outlet can be accepted as an average value for calculating the compressor's isentropic efficiency. Figure 12 shows the variation of the isentropic efficiency of the compressor due to inlet flow distortion. Variation of the compressor's isentropic efficiency exhibits a similar trend to the thrust force and engine SFC, which suggests that deterioration of the compressor efficiency due to inlet distortion is indeed a major reason for deterioration of the overall performance of the gas turbine.
Conclusion
An experimental study is performed to evaluate performance of a micro gas turbine under inlet total-pressure distortion. Performance measurements under inlet distortion have been carried out and deterioration of engine performance in terms of reduction in engine thrust force and increase in engine SFC is found. Results showed an increase in engine performance loss with increase in both distortion intensity and size.
The most crucial case occurs with 180-degree distorted zone. With distortion intensity of DC(180)=0.65, a thrust deficit of 5.5% and SFC increase of 7.5% is found.
Reduction in engine compressor's isentropic efficiency as a source of loss in engine total performance is explained and shown in the test results. A similar trend is found for deterioration of compressor efficiency and the overall engine performance. The results indicate that engine performance can be affected significantly facing intense inlet distortions.
